Fresh water streams contaminated with synthetic dye-containing effluents pose a threat to aquatic and human life either by preventing aquatic photosynthesis or by entering into the food chain.
INTRODUCTION
Recycling of anthropogenically generated wastes has been a major concern for the present generation (Baker et al. ; Han et al. ; Li et al. ; Orlandi et al. ) . With the world population projected to increase to 9.1 billion (10 9 ) by the year 2050, there will be a significant increase in the waste generation as a result of maximum utilization of resources (Stephenson et al. ; Aravind et al. ) . Poor management of wastes could lead to widespread environmental pollution (Stephenson et al. ) . Agrowastes are in an advantageous position for recycling owing to their ready and abundant availability (Mahvi ; Maleki et al. ; Upadhye & Yamgar ) . Sugarcane bagasse is one of the most common agrowastes, which is used for non-energy activities as well as energy production (Hofsetz & Silva ) . Ash of sugarcane bagasse has been reported to be a promising composite material (Loh et al. ) , and valorization of the ash is used in glass-ceramic materials (Teixeira et al. ) . Banana and its by-products have also been reported to be of use as an insecticide, antioxidant, cattle feed and as a substrate for production of various functional foods, wine, alcohol and biogas (Mohapatra et al. ) .
In addition to wastes, industrial effluent and its flawed disposal methods have been a serious concern to the environment. Reportedly, 10,000 dyes are used extensively in paper mills, and the textile, cosmetic, food and pharmaceutical industries (Sonai et al. ) . Poorly managed effluent treatment measures lead to enormous volumes of dye-containing wastewaters being disposed of in lands or water bodies. This affects soil fertility and photosynthesis of water plants, increases toxicity and chemical oxygen demand of water and hence disrupts the aquatic ecology (Dey et al. ) . Adsorption has proved to be an efficient method for removal of dyes from such effluents. Granular activated carbon has proved to be a very promising adsorbent, but its production cost is high for developing nations such as India. We have previously reported adsorption of dyes by fungal biomass such as Rhizopus oryzae and Aspergillus versicolor (Dey & Mukhopadhyay ; Dey et al. ) . However, high production and maintenance costs hinder the use of fungus as a potential adsorbent for industrial effluents. Due to their low cost and easy availability, agrowastes have been used as adsorbents for the removal of dyes and heavy metals. Banana peel (BP), orange peel and Ulmus leaves have been used for removal of synthetic dyes or heavy metals (Annadurai et al. ; Mahvi et al. ) . Guava leaf powder, teak leaf powder and gulmohar leaf powder have been used for adsorption of methylene blue (MB) (Ponnusami et al. ) . Barbary fig has been reported for bioremediation of wastewaters containing dye, pesticide and metal ions (Nharingo & Moyo ) . Barley hull and its ash was used as an adsorbent for the removal of cadmium (Maleki et al. ) .
MB is a basic dye used in dying, printing and pharmaceutical industries. It is reported to have adverse effects on the central nervous system (Vutskits et al. ) , causing the formation of skin lesions (Stradling et al. ) , erythematous macular lesions, superficial ulcers with pallor, necrotic ulcerations, skin necrosis and skin telangiectasias (Bleicher et al. ) . So, contamination of MB in fresh water sources is a possible threat to aquatic life forms as well as humans. Therefore, understanding the mechanism of adsorptive removal of this dye is important. In this work, we report on the utilization of betel nut (BN) husk and BP, two abundant agrowastes of the State of Assam, India, as efficient adsorbents for removal of MB from aqueous solution.
MATERIALS AND METHODS
Materials MB (C.I. 52015) was obtained from Sigma-Aldrich, Co., USA. A spectrophotometric scan confirmed the adsorption maximum of this dye is at 668 nm.
Outer peels of BN [Genus: Areca, Species: catechu, Vern: Tamul] and BP [Genus: Musa, Vern: Amritsagar] were collected from the commercial vendors situated in and around the Tezpur University campus, Assam, India. The collected adsorbent materials were dried in sunlight. After proper drying, both adsorbents were collected and ground to form a fine powder using a mixer grinder and stored in desiccators at room temperature for further experimentation.
Optimization of biomass, pH and temperature for adsorption
Various amounts of biomasses of BN and BP (5-10 g/L) were incubated individually to 10 mL of aqueous solutions of MB (50 mg/L). The tubes were incubated at 28 W C for 24 h in a shaker at 60 rpm. Thereafter, the biomass was segregated by centrifugation and the dye concentration in the supernatant was estimated using a spectrophotometer (MultiScan Go, Thermo Scientific). The amount of biomass exhibiting maximum adsorption was selected for further analysis.
Optimal pH for adsorption was determined by conditioning the biomasses in buffers of various pH for 2 h. To study the effect of temperature, adsorption was carried out at four different temperatures e.g. 4, 18, 37 and 50 W C and at optimal pH.
Physico-chemical characterization of the biomasses
Surface alterations in pristine and dye-adsorbed biomasses were studied using a scanning electron microscope (SEM) (JEOL JSM-6390LV, Tokyo, Japan). Fourier transforminfrared (FTIR) analysis to study exposed functional groups of the biomasses was carried out using a Perkin Elmer 1000 FT-IR spectrophotometer (spectra recorded from 4,000-400 cm À1 ).
Adsorption kinetics and isotherm study
Kinetics was studied by the adsorption rate of MB (concentrations ranging from 20-100 mg/L) at optimum pH and temperature (pH 7.0; 28 W C). The study involved measuring adsorption of MB at regular time intervals using the following equation,
where q t (mg/g) is the amount of dye adsorbed at time t, C 0 and C t (mg/L) denote the un-adsorbed dye initially and at time 't' respectively. W denotes mass of the dry biosorbent used and V denotes volume of the solution.
Based on the kinetics results, the adsorption isotherms were calculated. q e (mg/g) (amount of dye adsorbed at equilibrium) was determined by,
where C e (mg/L) is the concentration of the un-adsorbed dye at equilibrium.
RESULTS AND DISCUSSION
Determination of optimal biomass, pH and temperature for efficient adsorption of MB Comparative analysis for optimization of MB adsorption by both BN and BP was carried out (Figure 1(a) ). The pH was not modified in this experiment to determine maximum adsorption at natural pH of the aqueous solution of the dye. Adsorption of a litre of MB of 50 ppm concentration with 20 g BN and BP biomass was recorded to be 91.61% and 94.79% at room temperature. The percentages of adsorption did not show significant improvement with increase of biomass amounts.
Literature suggests that pH of a dye may influence adsorption. However, pH independent of adsorption by a specific biomass has also been reported. It was reported that pH had no significant effect on uptake of MB by Neem leaf powder (Bhattacharyya & Sharma ) . In contrast, MB adsorption by ethylenediaminetetraacetic acid treated sugarcane bagasse was significantly improved at pH higher than 7.5 (Gusmao et al. ) . Our study suggested that pH had negligible effect on the adsorption of MB by either BN or BP (Figure 1(b) ; Supplementary  Table S1 , available with the online version of this paper). This observation is significant from an industrial perspective as MB-containing effluents with varied range of pH could be effectively removed by these adsorbents.
As industrial effluents can be discharged at a number of temperatures, effect of temperature on adsorption is a key consideration. MB adsorption by Neem leaf powder showed dependence on temperature (Bhattacharyya & Sharma ) . We observed no significant changes in dye uptake by BN and BP at varying temperatures of 4, 27, 37 and 50 W C ( Figure 1(c) ; Supplementary Table S2 , available with the online version of this paper). Adsorption efficiencies of both the biomasses over a wide range of pH and temperatures confirmed BN and BP as highly potential adsorbents for removal of a variety of MB-containing effluents from diverse industries.
Characterization of BN and BP biomass following adsorption
Scanning electron microscopy (SEM) analysis confirms the changes in spatial arrangements in the surface of the adsorbent following adsorption. The SEM micrographs of BN and BP biomass exhibited considerable alterations in Next, we carried out FTIR spectral analysis to study any changes in chemical groups that may play a critical role in the adsorption process (Stark & Matuana ; Tjeerdsma & Militz ) . Figure 3 (a) and 3(b) show the FTIR spectra of BN before and after adsorption of MB, respectively. It was found that the -C ¼ C-bond in pristine BN (1,647.97 cm À1 ) was altered and new peaks appeared at 1,637.69, 1,631 and 1,632.17 cm À1 in the MB-adsorbed BN, which indicated the formation of -N-Hbend in that region. Also, the -C-Cstretch with 1,425.4 cm À1 and -N-Ostretch with 1,320.3 cm À1 wavenumbers were absent in dye-adsorbed BN, which indicated contribution of these bonds in dye adsorption. In the case of MB adsorption by BP, the appearance of the 2,925.45 and 2,864.46 cm À1 small peak in MB-adsorbed BP is indicative of -C-Hstretch involved with the alkanes group (Figure 3(d) ). The pristine BP peak at 1,639.72 cm À1 indicating N-H bend converted to 1,654.25 cm À1 indicating -C ¼ C-stretch, confirming a chemical interaction of BP with MB (Figure 3(c) and 3(d) ). The appearance of 929.10 cm À1 indicated O-H bend in carboxylic acids, indicating its plausible interaction with MB during adsorption. Adsorption with MB showed a peak at 793.94 cm À1 in BP biomass, indicating a C-Cl stretch, which may have arisen due to interaction of the free Cl À group in the MB moiety. Peaks in the 690-515 cm À1 (m) region were observed for both BN and BP, characteristic of C-Br stretch, which may be due to pellet formation of both pristine and test sample of BN and BP with KBr. Chemical changes for confirmation of dye interaction have also been reported for adsorption of MB by garlic peel by Hameed et al. (Hameed & Ahmad ) .
Effect of initial concentration of MB on adsorption
The effect of variation in initial dye concentration on adsorption of MB in two biomasses was determined using optimal conditions. With increase in concentration from 10 to 50 mg/L, the amount of MB adsorbed at the pointof-equilibrium (q e ) increased from 0.156 to 0.914 mg/g for adsorption with BN (Figure 4(a) ). The similar experiment with BP biomass showed an increase in q e from 4.91 to 23.94 mg/g, with an increase in dye concentration from 100 to 500 mg/L (Figure 4(b) ). The experiment suggested an increase of 82.93% and 79.49% of MB during adsorption with BN and BP, respectively, and confirmed that the initial concentration has a pronounced effect upon the dye uptake. Initial concentration provides an important driving force to overcome all mass transfer resistances of the dyes between the aqueous and solid phases (Hameed et 
Adsorption kinetics studies
The linear expression for pseudo-second-order kinetics is explained by the equation:
where K 2 (g/mg h) is the pseudo-second-order constant and q e (mg/g) is the amount of dye adsorbed at the point of equilibrium, which can be determined from the intercept and slope of the plot t/q t vs. t (Shirmardi et al. ) . For the sorption process, highest correlation coefficients have been observed for the pseudo-second-order kinetics system in contrast to the pseudo-first-order kinetics system (Ho and McKay ) . Hence, we performed the pseudo-secondorder kinetics study for the adsorption of MB in BN and BP biomasses. Figure 5 (a) and 5(b) represent the plot of t/q t vs. t for adsorption of MB by BN and BP, respectively. Values for q e and k 2 are represented in Table 1 . A definite agreement between q e experimental and q e calculated values was observed for the pseudo-second-order model, suggesting it as the best model to explain the adsorption kinetics for the uptake of MB by these two biomasses. We have previously reported that dye adsorption follows pseudo-second-order kinetics with biosorbents as reported for MB removal by R. oryzae and A. versicolor (Dey & Mukhopadhyay ; Dey et al. ). The heavy metal adsorption process using nano materials was also explained by pseudo-second-order kinetics (Robati ) .
Adsorption isotherm studies
To characterize the nature of dye adsorption and establish the relationship between concentration of the dye and the dye adsorbed at the two adsorbents' interface, we studied Langmuir, Freundlich, Temkin and Dubinin-Raduskevich (D-R) isotherm models ( Figure 6 ). The Langmuir plot of C e /q e (specific adsorption) versus equilibrium concentration (C e ) suggested that adsorption of MB on BN did not follow the Langmuir model for the adsorption (Figure 6(a) ). In contrast, MB adsorption by BP obeyed the Langmuir adsorption isotherm (Figure 6(e) ). These observations were confirmed by very low and high correlation coefficient (R 2 ) values of 0.66 and 0.99 for BN and BP, respectively ( Table 2 ). The calculated R L value was 0.023 for adsorption with BP, which is within the favorable range of the Langmuir isotherm (0 < R L < 1). The maximum adsorption capacity Q 0 for complete monolayer coverage was found to be 31.645 mg/L for adsorption with BP ( Table 2) . The Langmuir adsorption isotherm was also reported for the adsorption of MB on steam-activated Lantana camara To study the Freundlich adsorption isotherm model, we calculated the values of K F and n from the plot of lnq e against lnC e (Figure 6(b) and 6(f)). In the case of MB adsorption with BN, the 'n' value was found to be less than 1 and implied unfavorable adsorption despite its relatively high R 2 value of 0.92 (Table 2) . However, MB adsorption on BP showed 'n' values of 1.547, suggesting favorable adsorption. The R 2 value for the Freundlich model was also found to be high (0.99) and is equal to the R 2 value found in the Langmuir model for adsorption with BP. Thus, MB adsorption on BP could follow both Langmuir and Freundlich models. Temkin isotherm plots for adsorption of MB on BN and BP biomasses are shown in Figure 6 (c) and 6(g). The study showed that regression coefficients (R 2 ) for MB adsorption on BN and BP were 0.99 and 0.98, respectively (Table 2) . For MB adsorption by BN, the regression coefficient was higher compared to 0.66 and 0.92, found in the Langmuir and Freundlich models, respectively. Therefore, we concluded that MB adsorption on BN followed the Temkin isotherm model. For MB adsorption by BP, the R 2 value for the Temkin model was found to be 0.98, suggesting the adsorption of MB on BP could follow the Temkin isotherm model as well. The Temkin isotherm constant 'A' and Temkin constant related to heat of sorption 'B' were calculated for both the adsorbents (Table 2) . A similar observation for adsorption of MB following multiple isotherms has been reported for adsorption of MB by ground palm kernel coat (Oladoja et al. ) .
Linear plots of D-R isotherms for MB adsorption by BN and BP are shown in Figure 6 (d) and 6(h). The constants q D and B D were calculated from the straight-line equation thus obtained from the linear curve. The R 2 values for adsorption of MB by BN and BP were 0.97 and 0.89, respectively ( Table 2 ). The q D values for MB uptake by BN and BP were found to be 15.25 and 575.71 mol/g, respectively. Mean free energy of adsorption per mole of adsorbate (B D ) was found to be 4 × 10 À6 and 1 × 10 À6 (mol 2 /J 2 ) for the BN and BP, respectively.
It is evident that the adsorption of MB by BP followed both monolayered (Langmuir) and multi-layered (Freundlich) adsorption. It is possible that chemical interactions between the dye and adsorbent surface led to a conformational change in the dye molecule and allowed a cooperative multilayer adsorption induced by a small Van der Waals interaction (Halsey ) . Adsorption of MB by BN followed the Temkin adsorption isotherm, with a low adsorption enthalpy of 1.44 J/mol, suggesting increased possibility of physical interaction. Experimental data also suggested it did not follow either monolayer (Langmuir) or multi-layer adsorption (Freundlich) processes. Hence, we can conclude that MB adsorption by BP is a chemical adsorption isotherm and that by BN is a physical adsorption process.
CONCLUSIONS
We investigated the efficiency of the dried, milled biomass of BN and BP for adsorptive removal of MB from aqueous solution. Adsorption of dye molecules by an adsorbent could be through electrostatic interaction, chemical binding or by a combination of all processes. SEM and FTIR studies confirmed changes in surface topology and functional groups in the pristine biomass post adsorption of dyes. The adsorption in both adsorbents was higher at high initial concentration of MB due to the increase in driving force at higher concentration, and followed pseudo-second-order kinetics. The adsorption isotherm for BN was best described by the Temkin followed by the D-R isotherm model, with R 2 values of 0.99 and 0.97, respectively. In contrast, MB adsorption by BP followed the Langmuir and Freundlich isotherm models with identical R 2 values of 0.99, R L value of 0.024 (0 < R L < 1), and n value of 1.547 (n > 1) for the adsorption of MB on BP, further confirming that it follows both Langmuir and Freundlich isotherms. After a comparative analysis for various parameters, we conclude that both BN and BP biomasses were efficient in adsorption of MB. However, considering the easier processing technique, marginally superior adsorption capacity, and chemical nature of the interaction with the adsorbent, BP can be considered as a better adsorbent compared to BN for MB adsorption. 
